I. INTRODUCTION
Water disinfection has been a popular topic in the recent years due to growing attention on water pollution and shortages. Discharge treatment is a promising method for water sterilization due to its advantages of introducing no secondary pollution and high efficiency 1 , compared with the traditional disinfection approaches such as chlorination, ozonation, 2 UV radiation, 3 etc. Several plasmaliquid interaction configurations have been adopted to investigate the influence of electric discharge on water sterilization, e.g., plasma jet, 4,5 dielectric barrier discharge, 6 and surface discharge. 7, 8 For these reactors, active species are first produced in the gas phase where plasma is actively generated. Then, these active species immigrate to the liquid surface and penetrate into bulk water to continue further reactions. Although these configurations own the advantages of low energy consumption and high plasma-chemical efficiency, the concentration of active species will decline rapidly with the penetration depth of liquid, 9 which is not practically suitable for large volume water disinfection. Besides, a few discharge configurations such as discharge over water film 10 and in water droplet spray 11 prove highly efficient for organic compound degradation, recently, while the efficiency of these configurations in sterilization requires further investigations. In comparison, underwater discharges can generate plasma in the bulk water to ensure a larger interaction area for active species. The underwater discharge processes also integrate several sterilization factors including active species, 12 pulsed electric field (PEF), 13 UV radiation, 14 and shock waves. 15 These factors allow synergistic reactions to occur and thereby improve water disinfection efficiency; therefore, underwater discharge has become one of the popular sterilization methods accompanying other traditional approaches.
Recently, research results show that the sterilization achieved through underwater discharge depends on various conditions, e.g., voltage parameters, 5, 16 electrode geometries, 17 solution conductivity, 36 and bacteria types. 18 With the variance of voltage parameters, different discharge modes may appear, e.g., streamer and spark ARTICLE scitation.org/journal/adv discharge, and have a huge influence on sterilization results. Several researchers 19, 20 report that underwater spark discharges own a higher sterilization efficiency than streamer discharges. Unfortunately, the differences in working mechanisms of the two discharge modes are not clearly illustrated due to the complexity of chemical and physical reactions in discharge processes. To further increase the disinfection efficiency, several groups introduce bubbling gases into reactors during underwater discharges and find that bubbling gases can improve the sterilization remarkably. 21 However, the mechanisms behind the gas bubbling effects on bacteria inactivation are still a puzzle and need further explorations.
In this paper, we aim at investigating the effects of discharge modes and gas bubbling conditions on Escherichia coli (E. coli) sterilization. Through optical images and H 2 O 2 concentration measurement, the roles of various factors (such as PEF, active species, and UV emission) during disinfection treatment are studied. The variance of sterilization results under different discharge modes and physical-chemical reactions involved in the gas bubbling treatments are discussed as well.
II. EXPERIMENTAL SETUP AND METHODOLOGY
The overall experimental setup of underwater pulsed discharge is shown in Fig. 1 . A pulsed high voltage provided by a Marx generator is applied to the discharge reactor at a frequency of 1 Hz. The rise time of the voltage is 1 μs, and the full width at half maximum (FWHM) time t HW is around 12 μs by choosing a suitable resistance of R f and Rt. The voltage and current waveforms are recorded with an oscilloscope (Tektronix TDS2000C) through a resistor voltage divider (2250:1) and a current monitor (Pearson 6585). The energy of the streamer or spark discharges is calculated by the time integral of the discharge power. The discharge images in experiments are captured by an intensified charge-coupled device (ICCD) camera (Andor iStar DH334T), which is triggered by an output trigger signal of the oscilloscope. A rod-to-cylinder electrode configuration is applied to create large volume discharge in water as presented in Fig. 1(b) . The rod electrode is a stainless-steel threaded bolt with a 12 mm diameter. The rod is coated with a silicon rubber layer of 0.1 mm, which is introduced as it contains plenty of micro-cavities inside, hence causing the streamer discharge easier to be initiated. 22, 23 A stainless mesh of 108 mm in diameter is chosen as the grounded cylindrical electrode. The discharge reactor is filled with 1 l diluted bacterial solutions with conductivity around 32 μS/cm. In gas bubbling discharges, high purity Ar and O 2 (>99.99%) are, respectively, injected into reactors. We use a flowmeter to control the gas flow within the range of 0-1 l/min. E. coli (DH5α) is used for all the experiments described in this paper. In the cultivation stage, the bacteria are stored in agar media and suspended in 100 ml of a liquid growth medium for 24 h in a shaking incubator at 37 ○ C. Cells are harvested by centrifugation at 3220 × g for 10 min and washed three times with sterile phosphatebuffered saline (PBS). After the discharge treatment, samples of the bacterial suspension are transferred to sterile tubes stored in the environment of 0 ○ C. After serial dilution, suspension samples are spread onto Petri dishes, which are incubated for 18 h at 37 ○ C. Enumeration of colony-forming units (CFUs) from at least three samples under same treatment conditions is performed, and the number of bacterial colonies is averaged by three measurements. The relative standard deviations of the obtained data are less than 10%. For each time of experiment, the bacterial density in the reactor before treatment is approximately in the order of (1-5) × 10 6 CFU/ml.
The concentration of H 2 O 2 generated by pulsed discharges is measured by a spectrophotometric method. 24 H 2 O 2 solutions are added into potassium titanium (IV) oxalate and form the titanium (IV)-peroxide complex, which possess the maximum absorbance at a wavelength of 400 nm and, thus, can be quantitatively measured by a spectrophotometer.
III. RESULTS AND DISCUSSION

A. Influences of discharge modes on E. coli sterilization
In the experiments, the appearance probability of spark discharge increases with the rise of voltage. To clearly illustrate the transition processes of discharge modes, we choose the parameter of breakdown probability P b (also indicating the spark appearance probability) as the criterion to distinguish the discharge modes. We conduct the tests of discharges in bacterial solutions according to the IEC 60243 standard to obtain the breakdown probability curve via a 3-parameter Weibull distribution function, 25 as shown in Fig. 2 . Discharges can be divided into three regions under different applied voltage amplitudes U, i.e., the streamer discharge region (P b = 0 when U ≤ 27 kV), the streamer-to-spark discharge region (0 < P b < 1 when 27 < U < 31 kV), and the spark discharge region (P b = 1 when U ≥ 31 kV). In Fig. 2 , two typical images of streamers and sparks are listed as well. In streamer discharges, several branching channels are observed at the length between 5 mm and 26 mm. While for spark discharge, the main channel owns a much stronger light emission intensity and greater discharge volume, which will generate much more heat, ultraviolet radiation, and shock wave intensities 26 than streamer discharges. Therefore, it can be speculated that streamer and spark discharges might contribute differently to sterilization results.
The typical voltage and current waveforms of streamer (27 kV) and spark (35 kV) discharges are plotted in Fig. 3 . The streamer current in the experiment is usually in the range of 10-15 A under 27 kV pulsed voltage [ Fig. 3(a) ]. In sparks, once a highly ionized channel originated from high voltage electrode reaches the ground, the interelectrode resistance will be instantly decreased and the current increases rapidly to roughly 100 A [ Fig. 3(b) ].
We present the effects of discharge modes on E. coli sterilization in Fig. 4 . With the aid of discharge regions shown in Fig. 2 , we select three typical voltage amplitudes for E. coli sterilization as 27 kV (streamer region), 31 kV (streamer-to-spark region), and 35 kV (spark region). Figure 4(a) shows the varying trend of log(N/N 0 ) value vs treatment time, where N 0 denotes the number of E. coli colony before treatment and N is the number of surviving bacteria in units of colony-forming units per milliliter (CFU/ml). 27 The experimental results show that discharges in the spark region own a much higher sterilization efficiency than in streamer and streamer-to-spark regions. The log 10 reduction of E. coli reaches 3.5 after 250 s spark discharge treatment, and this value for the streamerto-spark region is 1.47, while the number of bacterial colonies nearly makes no change for streamer discharge treatments.
The energy efficiency of treatment under three discharge modes is depicted in Fig. 4(b) . Note that the spark region, meanwhile, owns the highest energy efficiency, where the energy injection density is nearly 0.5 J/ml, where log 10 reduction reaches 3.6. The energy efficiency is close to that reported in other experimental results. 8, 19, 28 We attempt to unveil some experimental evidence interpreting the mechanisms behind the discharge mode differences on sterilization results via the instantaneous optical images of the streamer and spark discharges, as shown in Fig. 5 . For spark discharges [see Fig. 5(a) ], the main discharge channel expands rapidly with strong emission of light and heat when reaching the ground electrode (the peak current of sparks climbs to over 100 A; streamers only generate roughly 12 A in Fig. 4 ). The discharge volume and light emission of streamers are much less compared with sparks [see Fig. 5(b) ]. Therefore, much stronger heat emission and UV radiation emission during breakdown processes enable sparks to make a greater contribution to E. coli inactivation than streamers. The role of UV radiation in arc discharge treatment has been verified by the experiments in which the introduction of sunscreen, a UV radiation absorber, into E. coli solutions has accordingly caused the suppression of disinfection. 14, 29 Previous research 31 has shown that active species created during the discharge treatments also play a role in sterilization. Most of the free radicals in the reactions are produced through a series of vibrational/rotational excitation and the following relaxing processes, as shown in reactions (1)-(3), due to the limited energy of electrons (0.5-5 eV). After a series of recombination reactions governed by (4)-(6), 12,32 the radicals will finally transform into long lifetime molecules such as H 2 O 2 and O 2 . Since H 2 O 2 is one of the major active species generated by the recombination of OH radicals, it is an effective indicator of active species involved in the discharge treatment. 33 Thus, to some degree, evaluating the roles of H 2 O 2 in the sterilization processes can characterize the sterilization efficiency of active species during discharge treatment,
We measure the H 2 O 2 concentration vs discharge time, as shown in Fig. 5 . Note that the H 2 O 2 concentration is measured every 12 min during 60 min discharge treatment as the H 2 O 2 concentration is too low to be quantitatively measured in short period discharge treatments (<150 s). The H 2 O 2 concentration increases with the rise of applied voltage from 27 kV to 31 kV due to the increase in injected energy in the reactor. It is worth mentioning that the concentration of H 2 O 2 decreases when voltage continuously increases to 35 kV. This is mainly because the average per pulse injected energy under 31 kV is higher than 35 kV as considerable energy has been consumed on the wave front resistance R f (see Fig. 1 ) in 35 kV spark discharges, instead of generating radicals. It can be noticed from Fig. 6 that the H 2 O 2 concentration under 31 kV is higher than 35 kV, but the corresponding E. coli sterilization efficiency is much lower (see Fig. 4 ). This indicates that the generation of active species is not the dominant factor responsible for the variance of sterilization results of streamer and spark discharges.
The effect of the pulsed electric field on bacteria sterilization should also be considered during the discharge process. 13 Estifaee et al. 30 hold that the pulsed electric field plays a dominant role in the underwater corona discharge treatments where they achieve a 3 log reduction of E. coli at the energy cost of around 130 J/ml for 100 μS/cm E. coli samples. The main mechanism for PEF inactivating bacteria is membrane permeabilization, 34 which usually requires energy density in the range of several tens to hundreds J/ml to gain a remarkable sterilization efficiency. 13 While for the experiments in this paper, the input energy density is less than 1 J/ml, PEF can hardly make a significant influence on the sterilization results.
B. Influence of gas bubbling on E. coli sterilization
For the purpose of further improving the E. coli inactivation results, we introduce gas bubbling in the sterilization treatment of 35 kV spark discharges. Ar and O 2 are chosen as the feeding gases.
The experimental results are shown in Fig. 7 , and it is found that both Ar bubbling and O 2 bubbling make positive contribution to the sterilization results. For Ar bubbling, the maximum log 10 reduction of E. coli reaches 4.3, when the flow rate is 0.6 l/min compared to 3.4 with no gas bubbling. In contrast, discharges with O 2 bubbling gain a higher log 10 reduction, 5.4, at a flow rate of 0.9 l/min after 300 s discharge treatment. It is also observed that the log 10 reduction shown in Fig. 7 presents a lower decreasing speed after 60 s treatment. This is closely related to the so-called "shield effect." 8, 29, 35 During each discharge, the total number of bacteria in each experiment is constant. After a period of treatment, the dead cells will increase and provide a shield for the alive ones. Therefore, the probability that UV emission or active species directly react with alive cells will decrease, hence lowering the sterilization efficiency. The "shield effect" depends on the initial bacterial density. The initial density in our experiment is in the range of (1-5) × 10 6 CFU/ml, and the concentration is in accordance with the previous experimental results, showing that the "shield effect" starts to work. 8 Besides, it is found that the saturation of sterilization under bubbling conditions is not pronounced as that without gas bubbling. A reasonable explanation is that the agitation effect of the treated liquid caused by the gas flow mitigates the "shield effect" and causes a higher reduction rate of bacteria.
Another contributor for the improvement of sterilization is the increase in discharge volume in the presence of gas bubbles. Figure 8 presents the images of discharge in water with and without bubbling Ar in 35 kV spark. From Fig. 8(a) , we can find that discharge occur in the rising Ar bubbles and bubble clusters at the liquid level, while no such phenomenon is observed without gas injection [ Fig. 8(b) ].
For discharge with Ar bubbling, we measure the H 2 O 2 concentration after the discharge and find that the H 2 O 2 concentration has little variance compared with no gas bubbling. Thus, the promotion of E. coli inactivation efficiency in discharges with Ar bubbling is more closely linked with physical reactions including agitation of gas and larger volume discharge in bubbles instead of the chemical reactions, which can improve the generation of active species.
However, O 2 could promote the generation of high oxidation potential species (e.g., O, OH, O 3 ) during discharge processes, as shown in the following reactions: 32
Electron impact dissociation of oxygen molecules can form metastable oxygen atoms as in reaction (7), which are subsequently involved in a series of reactions to create more hydroxyl radicals [reaction (8) ] and ozone [reaction (9) ]. The increase in these active species will conquer natural defense of bacteria and inactivate DNA, protein, and membrane, which can explain the improvement of sterilization efficiency.
The concentration of H 2 O 2 is measured after the discharge treatment with O 2 bubbling, as shown in Fig. 9 . The H 2 O 2 concentration increases up to 0.19 mmol/l after 60 min discharge treatments compared with 0.13 mmol/l, when no gas is injected. The increase in concentration indicates that the bubbling of O 2 effectively promote the generation of other stronger active species to benefit the sterilization results. 
IV. CONCLUSION
We investigate the effects of discharge modes on E. coli sterilization. It is found that spark discharges cause a 3.5 log 10 reduction of bacteria after 250 s treatment, and the discharges of the streamer-to-spark region reach 1.5 under the same conditions, while streamer discharges can hardly inactivate the E. coli. The experimental results suggest that sparks are of highest E. coli sterilization efficiency among the mentioned discharge modes. By means of discharge images and H 2 O 2 concentration measurement during the treatments, larger discharge volume, stronger heat emission, and UV emission during the spark discharges may contribute more to the distinguished sterilization efficiency enhancement compared with streamer discharges.
The results of spark discharges with gas bubbling show that Ar can improve the sterilization by 1 log reduction higher than no gas bubbling. The main working principle in these processes is physical interactions including the acceleration of the liquid flow and then weakening the "shield effect." As a comparison, the discharge treatment with O 2 bubbling gains a higher inactivation efficiency (1.7 log reduction higher than no gas bubbling) by integration of not only physical interactions, but also chemical reactions, which can jointly increase the production rate of active species.
